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FLOWER DEVELOPMENT
Origin of the cauliflower
A mutant gene that is responsible for generating cauliflower-like
heads in the model laboratory plant Arabidopsis has been cloned, and
the same gene has been shown to be mutant in edible cauliflowers.
The 'cole' vegetables are grown and eaten throughout
the world. They include such apparently diverse forms as
cabbage, kale, brussels sprouts, kohlrabi, broccoli and
cauliflower (Fig. 1). All of these were, however, domesti-
cated from one ancestral species, the wild cabbage,
Brassica oleracea [1]. This is.native to the coastal cliffs of
the northern Mediterranean and western Europe, from
Greece to the British Isles. Wild cabbage has a growth
habit typical of many members of the family Brassicaceae
(Cruciferae), with broad, spreading leaves and a branched
flowering stem (inflorescence) carrying many individual
flowers (Fig. 1). A meristem is present at the apex of each
elongating shoot and is responsible for the serial produc-
tion of leaves and flowers on its flanks. These organs
originate as small, undifferentiated mounds of tissue, or
primordia. The first-formed primordia grow and develop
into leaves, the later ones flowers.
This pattern of development has been modified in vari-
ous ways during the domestication of cole vegetables
(Fig. 1). The leaves on the main stem have a different
shape in both kales (wrinkled and curly) and cabbages
(packed into a head). In brussels sprouts, the many sec-
ondary shoots arising along the main stem generate small
heads of leaves. In kohlrabi, the region of the main stem
that produces leaves is itself grossly swollen. The flower-
ing stem is modified in both cauliflower and broccoli. In
broccoli, the stems are much shorter, and the many buds
are densely packed. In cauliflowers, flower buds are not
usually produced at all. Instead, the inflorescence meris-
tem continuously generates replicas of itself in a spiral on
its flanks. Each new meristem can in turn produce more,
and so on until the tenth order of branching and beyond
may be generated. This results in a closely packed, geo-
metric cluster of undifferentiated inflorescence meristems
Fig. 1. The range of cole vegetables
domesticated from the wild cabbage,
Brassica oleracea var. oleracea (modi-
fied from [12]).
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('curd') that has a novel form and texture not present in
wild-type plants. The causes of all these striking variants
are likely to be genetic, although pinning down the role
of individual genes by breeding experiments has not
always been straightforward [2].
Now, a gene with a major role in generating the cauli-
flower growth pattern has been identified and cloned
from the model laboratory plant Arabidopsis thaliana, a
relative of the cole vegetables. The story began in 1993,
when a variant of Arabidopsis was described that resem-
bled cauliflowers, albeit on a miniature scale (Fig. 2a) [3].
This was discovered by serendipity in a strain of
Arabidopsis originally from Wassilewskija in Belarus. By
itself, the recessive mutant allele of the caulflower (cal)
gene has no effect. When combined with the recessive
flower mutant apetalal (ap), however, the inflorescence
meristem now generates copies of itself indefinitely, as in
the cauliflower we eat (Fig. 2b). It was already known
that the wild-type API gene of Arabidopsis plays a role in
ensuring that the primordia that grow on the flanks of
the inflorescence meristem develop as flowers. In apetala 1
mutants, they develop instead with a combination of
flower and inflorescence properties [3]. But all floral
properties are lost when the cauliflower gene is also in
recessive form. This was explained by proposing that all
the functions of the wild-type CAL gene product can
Fig. 2. (a) Wild-type flowering stem (right) and the cal mutant
phenotype (left) of Arabidopsis thaliana. (b) Scanning electron
micrograph of an Arabidopsis cal mutant, showing extensive
proliferation of inflorescence meristems that occur in increas-
ingly higher order branches as one moves away from the original
apical meristem (m). (Photographs courtesy of John Bowman.)
also be performed by the wild-type AP1 gene product,
but that only some of the AP1 functions can be carried
out by CAL [3].
API has already been cloned [4] and is likely to be a reg-
ulatory gene coding for a DNA-binding transcription
factor. Within the AP1 gene is a region that codes for a
specific 56 amino-acid sequence domain, the 'MADS
box'. This is also present in known transcription factors
of yeast, mammals and other plants [5]. The MADS
domain probably controls the three-dimensional shape of
the DNA-binding surface of the protein it is part of. The
DNA sequence bound preferentially by several MADS
domain proteins is CC(A/T) 6GG, with further speci-
ficity provided by immediately adjacent bases [6]. If the
CAL gene product controls the activity of some of the
same genes as are controlled by AP1, they may have very
similar MADS box sequences.
Kempin, Savidge and Yanofsky [7] have now cloned the
closest relative of AP1 from the genome of Arabidopsis
and shown that it indeed corresponds to the CAL gene.
The evidence is as follows. First, the new gene occurs in
the same region of the genetic map as CAL. Second,
there are deleterious amino-acid changes in the product
of the new gene in each of three new cal mutants. And
third, in transgenic plants, the new gene is able to restore
CAL function to apI cal double-mutant plants.
The MADS domain of the CAL gene product is almost
identical to that of AP1 [7]. Only five out of 56 amino
acids are different, and four of these are unlikely to change
the shape of the domain radically. This fits with genetic
evidence that wild-type CAL regulates many of the same
genes as API. Also, two of the three new Arabidopsis cal
mutants have single amino-acid changes in the MADS
domain, expected to modify or disrupt their DNA-
binding function. The third has a single amino-acid
change in another conserved domain, the K box, which
may be involved in specific protein-protein interactions
[8]. (Many transcription factors interact co-operatively
with themselves, or with other transcription factors.)
The K box is less highly conserved between CAL and
AP1 than the MADS box [7], and if the CAL product
can interact with only a proportion of those proteins that
interact with AP1, this would account for its inability to
regulate all the genes under API control.
In wild-type plants, the CAL gene is transcribed in
flower primordia from the time they first appear [7]. This
pattern matches that of AP1 [4,9], and is consistent with
CAL's redundant role in specifying that these primordia
will form flowers, not inflorescence meristems. As the
flower primordia develop, the expression patterns of AP1
and CAL diverge somewhat. The former gene plays a
significant role in sepal and petal development [3,9], and
this is matched by its higher and more sustained level of
transcription in these organs. (The significance of the
expression of CAL but not AP1 in the vasculature of the
inflorescence stem [7] is unclear at this stage.)
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Turning to the cultivated cauliflower, Kempin et al. [7]
first isolated and sequenced the equivalent gene from the
ancestral species, Brassica oleracea var. oleracea. This has an
intact open reading frame, and is expressed in a pattern
similar to that of the Arabidopsis CAL gene. The same
gene was then cloned from the 'Snowball Y Improved'
cultivar of cauliflower (B. oleracea var. botrytis).
Significantly, the cultivated cauliflower sequence con-
tained a stop codon after only 155 of the usual 255
codons, presumably resulting in a truncated, non-func-
tional protein. Thus, it seems likely that the 'cauliflower
phenotype' has the same underlying genetic basis in the
cultivated cauliflower as it does in Arabidopsis.
Many interesting questions arise. Is there a mutant ap 
gene in the edible cauliflower, as there is in Arabidopsis?
Indirect evidence suggests that, if there is a matching
gene, it is still active. Flowers that are occasionally pro-
duced from heads of cauliflower have wild-type floral
organs [2], not the apl mutant type found in Arabidopsis
[3]. Perhaps the functions of AP1 and CAL have diverged
since Arabidopsis thaliana and Brassica oleracea shared a
common ancestor. A further question asks how the
expression of AP1 and CAL is triggered in the new
flower primordium. The answer is not yet known, but
genetic and molecular studies in Arabidopsis have shown
that a further gene, LEAFY (LFY), works cooperatively
with AP1 in specifying floral identity [3,10]. Once AP1
and LFY expression is induced, it seems that the CAL
gene product is required to maintain and/or boost their
transcription in the developing flower primordium [3,9].
A final question concerns what specific genes are regulated
by AP1 and CAL, and how might they be identified.
Cauliflowers were domesticated relatively recently [1].
They were unknown in the early Middle Ages, and
were apparently introduced into Europe 'from the
Levant or Cyprus at around the end of the fifteenth
century. We can now test whether the phenotype of all
cultivated cauliflowers can be traced back to one origi-
nal mutation, or whether it has arisen on many different
occasions. Broccoli is the closest cultivated relative of
cauliflower [11], and their phenotypes share some prop-
erties (short, multi-branched flowering stems and
reduced axillary shoots, for example). However, it is
unlikely that a defective CAL gene is the cause of the
broccoli phenotype, as the primordia that arise on
broccoli floral stems 'know' their identity and develop
into normal flowers.
Molecular biology allows us to extend findings made in
one species rapidly to many others, both at the level of
characterizing individual genes and in manipulating their
function. In this way, we may ultimately be able to mod-
ify the form of existing vegetables, and to generate new
ones as diverse as the cole group, by design rather than by
relying solely upon sporadic genetic variation.
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